ening of the equatorial cortex.
Results and discussion
control). Cells appeared to initiate cytokinesis; however, Based primarily on the presence of strong cortical forces the shallow furrow regressed later. Since equatorial treatin the equatorial region [5] and on the concentration of ment of CD caused no inhibition of cytokinesis, the inhibactin and myosin in the cleavage furrow [6, 7] , it is generitory effect at the polar cortex cannot be explained by the ally believed that an equatorial 'contractile ring' pinches diffusion of CD to the cleavage furrow. a cell in two. This model predicts that cytokinesis should be sensitive to local disruptions of the equatorial cortex. To probe the functional roles of different cortical regions, CD caused disruptions to not only actin filaments but also cell-cell and cell-substrate adhesions, which in some we created a highly localized field of cytochalasin D (CD), a known inhibitor of actin-based cellular functions, includsystems are required for successful cytokinesis [10, 11] . To determine if the present observations were due to ing cytokinesis [4, 8] , by releasing the drug from a microneedle while withdrawing the medium from a nearby local dissociation of cell adhesions, we treated dividing NRK cells with trypsin, using the same needle release suction micropipette [9] (see Materials and methods). With proper positioning of the two needles, released drugs technique. The treatment opened a gap between the dividing cell and its neighbor and caused local release of bias in cleavage, in favor of the side of the equator facing trypsin (Figure 2i ). Therefore, although global removal cell-substrate adhesions at the cell periphery, as indicated by interference reflection microscopy (data not shown).
of cell-substrate or cell-cell adhesions may inhibit cytokinesis [10, 11] , limited dissociations as in the present study However, neither equatorial nor polar treatment of trypsin caused the inhibition of cytokinesis ( Figure 4 ). As with were not sufficient to account for the effects of CD. The negative results with trypsin are also consistent with the the DMSO control, the only detectable effect was a slight observations with unmanipulated NRK cells -that cellfilaments through the sequestration of actin monomers [13] . LatA caused qualitatively similar effects as those cell adhesions have no discernable positive or negative correlation with the ability of the cells to cleave [12] .
seen with CD (see Supplementary Figure S1 ), although the effects were not as consistent. Inhibition of cytokinesis was observed in 50% of the cells treated near the pole. Similar experiments were also performed with 5-6 M It is likely that the local effects of LatA were countered latrunculin A (LatA), a sponge toxin that disrupts actin by the rapid diffusion of actin monomers in the cell, while CD was able to disrupt directly the integrity of actin filaments and/or actin-membrane interactions [4, 8] . Treatment with jasplakinolide (JASPA), a sponge toxin that permeablizes the cell membrane and nucleates/stabilizes actin filaments [14, 15] , caused opposite effects. That is, polar release of JASPA had no effect on cytokinesis, while equatorial release caused inhibition of cytokinesis during late telophase (see Supplementary Figure S2 ). The interpretation of the effects of JASPA may be complicated, however, by its ability to disrupt preexisting filaments while nucleating new actin filaments [15] .
Cells treated locally with CD were fixed and stained with fluorescent phalloidin to determine if CD caused disruption of actin organization. As shown previously [12, 16] , control epithelial cells formed a well organized band of actin and myosin II bundles on the ventral equatorial cortex. In addition, many small 'nuggets' of actin filaments were found throughout the cortex. Consistent with the effects of global CD application [17] , prominent cortical actin aggregates or segments formed near the CD release site (Figure 5 , arrowheads; Supplementary Movies 5 and 6), which were also seen in live cells microinjected with rhodamine phalloidin (see Supplementary Figure 3 ). In concentration (Figure 5a ). In contrast, cells treated with CD at the pole showed an apparent enhancement of equa- torial actin organization (n ϭ 4; Figure 5d and Supplemeninvolvement of its motor activities [23, 24] . Similarly, the concentration of actin filaments in the cleavage furrow tary Movie 6).
may be related to such events as microtubule-dependent transport [20, 25, 26] , polar cortical expansion [27] , or Our results, suggesting that the integrity of the polar cortex is essential for cytokinesis, appear incompatible membrane-vesicle fusion [28] , instead of equatorial cortical contraction. with the idea that the equatorial cortex is self-sufficient for executing the entire process of cytokinesis, as is implied in the contractile ring model. Neither can we easily explain What might account for the cleavage of NRK cells? The inhibition of cytokinesis by polar application of CD emthe cleavage with the polar relaxation theory [18] , which requires a stronger contraction along the equator than in phasizes the importance of the coordination of the entire cortex during cytokinesis. For example, contractions of other regions. The results, however, corroborate many previous observations that cytokinesis involves more than the polar cortex may contribute to the dissociation of actin filaments from the equator, and the disruption of this the assembly and contraction of an equatorial cortex. For example, the increase in membrane tension is known to process may lead to the accumulation of actin along the equator and hamper the progress of cytokinesis (Figure occur over the entire cortex before the onset of cytokinesis [19] . In addition, cytokinesis of adherent Dictyostelium cells 5d). Conversely, the biased cleavage induced by equatorial treatment suggests that a key step for cytokinesis can take place at a proper time and place without myosin II and without a detectable equatorial organization of actin involves the weakening of equatorial cortex relative to other regions, although some contractile activities may filaments [20] . Conversely, experiments with the yeast S. pombe [21] and with meiotic mammalian spermatocytes persist along the equator. The disassembly of equatorial cortex during cytokinesis was previously suggested, based [22] indicated that the organization of actin and myosin along the equator does not guarantee a functional cleavon the thickness of the cortex during cleavage [29] and the organization of myosin II [30] , and was viewed as a age. It has also been shown that myosin II can concentrate to the equator of dividing Dictyostelium, without the housekeeping function to avoid the accumulation of actin-respectively, in 0.25% DMSO. Trypsin (GIBCO 840-7073) was dismyosin II structures in the furrow. It was subsequently solved at a concentration of 0.25% (w/v) in 0.5 mg/ml fluorescein dextran, recognized that this process may be necessary and/or suffi-137 mM NaCl, 5 mM KCl, 0.7 mM Na 2 HPO 4 , and 30 mM Tris-Cl (pH cient for successful cytokinesis, based on computer mod-7.5) and was ultracentrifuged at 100,000 ϫ g for 20 min in a Type 42.2Ti
eling [27] and on observations of the division of myosin rotor (Beckman). The solutions were loaded into a release microneedle connected to a source of compressed air. Suction micropipettes were II null Dictyostelium [20] . Moreover, mutations in cofilin prepared by breaking and fire polishing the tip of a microneedle, using were found to cause failure during late stages of cytokinea microforge (Narishige). Positive and negative pressures were regulated sis in Drosophila, with large, stable aggregates of actin with custom-made regulators. The release and suction micropipettes filaments located at the equator [31] . Therefore, one poswere mounted on a custom double micromanipulator that allowed both precise relative positioning of the two needles and their simultaneous sibility is that cytokinesis may be driven by opposite trac- sin had no effect on cytokinesis. An alternative, global cell and cell-substrate adhesions, the release needle for trypsin was positioned just outside the boundary of the dividing cell.
contraction-equatorial relaxation model was first proposed in the early 20th century (reviewed by Rappaport [1] ),
Immunofluorescence which suggests that inward contractile forces may develop
To visualize the organization of actin, treated cells were removed from throughout the cortex as the cell enters cytokinesis [19] the microscope and rushed to the hood, where they were rinsed with and that a controlled, localized relaxation allows the cortex nesis, the present results suggest that the integrity of the polar cortex is essential for the completion of cytokinesis
